INTRODUCTION
There is a scarcity of knowledge of the biological effects of densely ionizing radiation, particularly with respect to iron particles. High-Z and energy (HZE) particles produced with certain accelerators have been considered for therapeutic applications (1, 2) and also contribute significantly to the radiation exposure of astronauts in manned space exploration (3, 4) . High-energy iron particles are a relatively small proportion of the galactic cosmic rays but contribute a significant component of the radiation dose. The dense track of energy distribution by HZE particles within tissue suggests that a unique tissue reaction may be induced by these particles compared to sparsely ionizing radiation. The information about the relative biological effectiveness (RBE) of the high-linear energy transfer (LET) particles for many tissue effects is inadequate (2, 5) . Although the RBE for radiogenic neoplasia is estimated at 40 for 600 MeV 56Fe (6) , the RBEs of high-LET particles depend on the end point, the tissue type and the particle characteristics.
Recent research indicates that tissue response to radiation is mediated by more than cell killing. Our studies have focused on the composition and organization of the extracellular matrix (ECM). The ECM influences cell morphology, mediates proliferative capacity and regulates gene expression, thus changing the cellular synthesis of proteins (7) . The bioavailability and effectiveness of many growth factors are dependent on the ECM components (8) . The production of ECM, its enzymatic degradation and the expression of ECM receptors are delicately balanced by dynamic cell-cell and cell-matrix interactions (9) . Disruption of the integrity of the ECM correlates with tumor development (10), progression (11) and metastasis (12) . Remodeling of the ECM occurs during various stages of embryogenesis (13) , tumorigenesis (14) and tissue response to sparsely ionizing radiation (15) (16) (17) (18) .
We have studied the relationship between the epithelial cell and its microenvironment as a contributing factor during carcinogenesis that may be differentially affected by radiation quality. The microenvironment, which consists of insoluble ECM and soluble growth factors and cytokines, is an important conduit for information in normal physiological processes by modulating the interactions between cells. Conversely, disruption or alterations of the microenvironment may influence carcinogenesis. We have postulated that radiation-induced alterations in the microenvironment promote the expression of the initiated phenotype and progression to cancer (17) . The present studies characterize the microenvironment of the irradiated mammary gland as a function of the composition and 'To whom correspondence should be addressed at Building 74, Lawrence Berkeley National Laboratory, University of California, 1 Cyclotron Road, Berkeley, CA 94720. organization of the ECM in response to densely ionizing iron particles. In the absence of dose--response data, we made qualitative comparisons between sparsely ionizing and high-LET radiation that identified changes in the ECM in the mammary gland specific to iron-particle irradiation.
METHODS
Irradiation. Ten-week-old nulliparous BALB/c female mice were irradiated in the plateau region of an unmodulated 600 MeV 56Fe-particle beam (LET 193 keV/gLm) with the Bevatron at the Lawrence Berkeley Laboratory, University of California, Berkeley. The mice were anesthetized with pentobarbital (1 mg/g intraperitoneally) and exposed individually to wholebody radiation. The dose administered was 0.8 Gy. Control groups of mice were similarly anesthetized and restrained but received no irradiation.
Tissue collection. Groups of three mice were sacrificed by cervical dislocation at 1 h and 1, 5, 9 and 14 days postirradiation. Control mice were sacrificed at 3 h and 5 and 14 days after sham irradiation. The mammary glands were collected, immersed in OCT (Miles Laboratory, Elkhart, IN) and frozen in an ethanol:dry ice bath. The tissue blocks were stored at -700C.
Immunohistochemistry. Five-micrometer sections were cryosectioned at -30 to -35'C, air-dried to gelatin-coated slides and immediately postfixed in methanol:acetone at -200C for 7 min. The sections were stored at -20'C until immunostaining.
The immunohistochemical staining for extracellular matrix proteins collagens I, III and IV, fibronectin, laminin and tenascin was carried out on thawed sections as described (17) . Briefly, all sections were blocked for 1 h in supernatant from 0.5% bovine casein/PBS. The sections were then incubated 1 h with primary polyclonal antibodies against collagens I, III and IV (Southern Biotechnology Associates, Birmingham, AL), fibronectin, laminin (Telios, San Diego, CA) or rat monoclonal antibody against tenascin (gift of P. Ekblom, Uppsala, Sweden) at previously titered concentrations. After they were washed in 0.1% bovine serum albumin in phosphate-buffered saline (PBSA) they were incubated for 1 h in fluorescein isothiocyanate conjugated secondary antibodies directed against the primary antibody's IgG. The primary antibody was deleted in control sections. The sections were then washed in 0.1% Tween 20 (Fisher Scientific Company, Fairlawn, NJ)/PBSA and mounted using a commercial water-soluble mountant (Vectashield, Vector Laboratories, Burlingame, CA). They were stored at -200C until being evaluated with a Zeiss microscope equipped with a Xenon lamp, epifluorescence optics and a selective light filter. Comparisons of samples stained for a given antigen were done on sections batch-stained and photographed on the same day using identical exposures. Antibody controls had negligible immunofluorescence staining in comparison to the positive samples.
RESULTS
Immunoreactivity of selected proteins was used to determine the response of different cell types within the mammary gland to radiation. The mammary gland of the nonpregnant mouse is composed of a branching ductal system consisting of a simple epithelium ensheathed in periductular stroma, the whole of which is embedded in an adipose stroma. The character, localization, intensity and chronicity of immunoreactivity were evaluated in these compartments independently for each ECM protein. In unirradiated tissue, collagen III was strongly localized to the tissue's capsule, tissue septa and periepithelial stroma. Minimal staining was observed in the adipose stroma of the mammary fat pad. One day postirradiation, collagen III immunoreactivity increased within the adipose stroma of the fat pad. The pattern was initially speckled, but progressed to a fine connected lacy network of collagen III with maximum intensity at 5-9 days (Fig. 1) . This change persisted through day 9 after irradiation but was mostly resolved by day 14. Similar changes are noted after wholebody exposure to 5 Gy y radiation, but the onset was more rapid and the immunoreactivity of the adipose stroma was completely resolved by 7 days (17). However, whereas decreased collagen III was observed in the periepithelial stroma after 5 Gy y radiation (17) , no such loss was found after iron-particle irradiation at any time.
Tenascin is a glycoprotein regulated in the developing murine mammary gland and is absent from the ductal tree in adult animals (19) . Tenascin was not immunoreactive in the sham-irradiated mammary glands. Novel epithelial cell-associated immunoreactivity was found 1 day after radiation exposure ( Fig. 2) . Between 5 and 9 days, the protein was deposited in the periepithelial stroma, first appearing diffusely distributed in the periepithelial stroma, but organizing as a dense linear component of the stroma just beneath the epithelial basement membrane by day 9. This localization persisted through day 14, although it was somewhat reduced. Similar induction of tenascin was also found 1 day after y irradiation and persisted for the 7-day period of observation (not shown).
Laminin localizes to the basement membrane of vessels and epithelium, and as an incomplete lacy distribution around adipocytes in the stroma of mammary gland. The character of laminin immunoreactivity was changed after exposure to HZE particles. The thin linear localization of laminin lining the unirradiated mammary epithelium basement membrane became irregular at 1 h postirradiation and was thickened and discontinuous at days 1 through 9 (Fig. 3) . Discontinuities of the laminin basement membrane were resolved by 14 days. Changes in the basement membrane were not observed after exposures to sparsely ionizing radiation during a similar acute time course in mammary gland (17) .
Collagen IV and fibronectin immunostaining were unchanged, as was noted previously after exposure to sparsely ionizing radiation. Collagen I, which is decreased in the periepithelial stroma of mammary glands after whole-body y irradiation, was also unaffected.
DISCUSSION
The prospect for therapeutic use of HZE radiation and exposure to densely ionizing radiation during extended space travel requires that the mechanisms of the tissue effects from HZE particles be determined. Understanding the acute postirradiation tissue response may shed light on the expression of late effects of radiation exposure, such as carcinogenesis. The microenvironment, which includes both insoluble ECM and soluble growth factors and cytokines, is now recognized as a critical determinant of cell behavior and interactions and is a conduit for systemic information during normal physiological processes (7, 9) . Disruption of ECM can promote cancer progression and incidence (10, 20) . Our present studies of mouse mammary gland after exposure to high-LET radiation show that densely ionizing radiation elicits rapid changes in the composition of the microenvironment that are distinct from those found after exposure to sparsely ionizing radiation. Most notably, exposure to HZE-particle radiation led to disruption of an important mediator of epithelial function and integrity, the basement membrane. Basement membranes separate epithelial cells, which are attached via integrins and other ECM receptors, from stromal components (13) . Normally the basement membrane serves as a selective barrier between these compartments, but one of the hallmarks of cancer cells is the ability to destroy and traverse the basement membrane (12) . Discontinuities of the basement membrane are characteristic of carcinoma in situ, while the basement membrane is absent in invasive carcinoma (11) . Increased degradation of basement membrane by transformed cells is exacerbated by a defective ability to resynthesize the membrane (12) . The differentiated state of mammary epithelial cells is poorly maintained in the absence of a basement membrane (21, 22) . Chemical or genetically engineered disruption of the extracellular matrix in mammary gland is conducive to the expression and progression of mammary tumors (10, 20) .
Radiation-induced changes in the integrity and function of the basement membrane might thus influence neoplastic progression. Although basement membrane laminin and collagen IV are unchanged after y irradiation (17) , laminin deposition became irregular within an hour of exposure to densely ionizing radiation and showed evidence of discontinuity at days 1-9. Loss of anionic sites corresponding to carbohydrates in basement membrane glycoproteins of irradiated rat lung is also observed within an hour of exposure to 5 Gy or more of sparsely ionizing radiation (15) . Laminin is 13% carbohydrate (13) . The observation of these effects within an hour of exposure may reflect physical damage to components of this protein layer by radiation's indirect action via production of free radicals. Putative direct physical damage by iron particles causing microlesions of the retina has been postulated but is controversial (23) .
Alternatively, laminin discontinuities may be evidence of basement membrane degradation as a result of radiationinduced gene expression of ECM-degrading proteases. As noted by Jolles and Harrison, radiation exposure elicits rapid changes in proteolytic enzymes and their inhibitors (24) . The serine protease, plasminogen, can be activated by tissue plasminogen activator, which is induced within hours of irradiation in cultured endothelial cells, fibroblasts, cancer cells and astrocytes (25) (26) (27) . Metalloproteinase collagenase activity is also induced in irradiated astrocytes (27) . Alternatively, extracellular latent collagenase is activated by exposure to reactive oxygen intermediates (28) , and might be activated by radiation-induced oxygen radicals. Further research will be required to determine the mechanisms by which basement membrane discontinuities occur after exposure to high-LET radiation.
Altered interstitial ECM protein expression is observed in skin 1 week after local irradiation with 5 Gy 137Cs y rays (29) and in mouse mammary glands 1 day after 5 Gy wholebody 60Co y irradiation (17) . In y-irradiated mammary gland, collagen III immunoreactivity is induced in the adipose stroma between 1-3 days postirradiation but resolves by day 7 (17) . In our studies with densely ionizing iron particles, a similar effect was more persistent. Collagen III deposition in the mammary fat pad increased by day 1 and did not resolve until day 14. This change in immunoreactivity is presumably a result of increased synthesis or decreased degradation by stromal fibroblasts. Collagen III biosynthesis is increased during development of lung fibrosis (30) and by fibroblasts from radiation-induced dermal fibrotic lesions compared to fibroblasts from normal dermis (31) . In contrast to the increase in adipose stroma, collagen III immunoreactivity decreases in the y-irradiated periepithelial stroma (17) . This tissue compartment was unaffected after iron-particle irradiation.
Immunoreactive tenascin was induced within a day of ironparticle irradiation. Tenascin functions at epithelial-mesenchymal interfaces during morphogenesis and differentiation (19) but is absent from the adult gland except during fibrosis and carcinogenesis (32, 33) . It is down-regulated during the development of mammary gland via interactions between the stroma and epithelium (34) . Its re-expression in mammary carcinomas (33) can be the result of tumor cell synthesis (35) or by induction of stromal cell production (34) . Tenascin is thought to modulate cell adhesion during morphogenesis and, conversely, invasion during neoplasia. The induction of tenascin in the irradiated mammary gland could alter growth control by influencing cell-cell and cell-ECM interactions, as has been shown in breast cancer cells (36) . In our study, tenascin was evident within epithelial cells at 1 day and appeared to be deposited extracellularly by day 5-9 postirradiation. This periepithelial protein condensed just beneath the epithelium and persisted throughout the 14-day experimental period. Induction of tenascin was also observed with sparsely ionizing radiation within 1 day of exposure to 5 Gy (Barcellos-Hoff, unpublished data).
Transforming growth factor-p (TGF-P) is positively correlated with tenascin expression in vitro and in vivo (36) , as well as with collagen III mRNA (37) and protein (17) in irradiated tissues. TGF-3 is increased during the acute postirradiation period in mammary gland, small intestine and lung (17, 37, 38) . TGF-3 is produced in a latent form that is bound to ECM and requires activation to effect biological action (8) . Our recent studies with sparsely ionizing radiation indicate that radiation exposure leads to TGF-13 activation within an hour, which we postulate modulates ECM remodeling (39) . We are presently investigating the expression of TGF-0 after iron-particle irradiation.
It is not known whether the acute alterations noted in our study extend past 2 weeks or if they reappear at a later time as is noted in the skin (29) . We have suggested that these early changes in ECM are evidence of radiation-induced self-perpetuating and self-amplifying cascades that underlie the later development of fibrosis (17) . Martin postulated that radiation-induced changes in ECM might chronically modulate the fibroblast phenotype, resulting in altered protein expression at later stages of the tissue's response and hence predisposing the tissue to subsequent development of radiation-induced fibrosis (40) . Persistent alterations in microenvironment after radiation exposure suggest that autocrine and paracrine extracellular signaling pathways may be initiated with ionizing radiation and lend support to the general concept that radiation-induced phenotypes have ramifications in the evolution of tissue damage that is belied by the rapid resolution of radiation-induced mRNA expression observed in many single-cell systems.
In summary, exposure to high-energy iron-particle radiation results in rapid, acute remodeling of the extracellular matrix of the mammary gland. These changes are global and dynamic over the 14-day experimental period. These alterations may be due to modifications of ECM gene expression, translation and deposition, and/or they could be a function of similar control of proteases involved in degradation of ECM components. Alternatively, radiation may affect the physical integrity of some ECM proteins, such as laminin. Studying the effects of HZE particles on the early pattern of protein expression in vivo may provide clues to the mechanism of cellular response leading to pathological consequences, which in turn will facilitate the identification of strategies for intervention.
